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METHOD AND APPARATUS FOR
INTER-SATELLITE HANDOVERS IN

LOW-EARTH ORBIT (LEO) SATELLITE
SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present Application for Patent claims the benefit of
U.S. Provisional Application No. 62/241,002, entitled

“Method And Apparatus For Inter-Satellite Handovers In
Low-Earth Orbit (LEO) Satellite Systems,” filed Oct. 13,
2015, and U.S. Provisional Application No. 62/241,622
entitled “Method And Apparatus For Inter-Satellite Han-
dovers In Low-Earth Orbit (LEO) Satellite Systems,” filed
Oct. 14, 2015, both assigned to the assignee hereolf, and
expressly incorporated herein by reference in their entirety.

INTRODUCTION

Various aspects described herein relate to satellite com-
munications, and more particularly, to inter-satellite han-
dovers in low-Earth orbit (LEQO) satellite communication
systems.

Conventional satellite-based communication systems
include gateways and one or more satellites to relay com-
munication signals between the gateways and one or more
user terminals. A gateway 1s an Earth station having an
antenna for transmitting signals to, and receiving signals
from, communication satellites. A gateway provides com-
munication links, using satellites, for connecting a user
terminal to other user terminals or users of other commu-
nication systems, such as a public switched telephone net-
work, Internet, and various public and/or private networks.
A satellite 1s an orbiting recerver and repeater used to relay
information.

A satellite can recerve signals from and transmit signals to
a user terminal provided the user terminal i1s within the
footprint of the satellite. The footprint of a satellite 1s the
geographic region on the surface of the Earth within the
range of signals of the satellite. The footprint 1s usually
geographically divided into beams, through the use of beam-
forming antennas. Each beam covers a particular geographic
region within the footprint. Beams may be directed so that
more than one beam from the same satellite covers the same
specific geographic region.

Geosynchronous satellites have long been used for com-
munications. A geosynchronous satellite 1s stationary rela-
tive to a given location on the Earth, and thus there 1s little
timing shift and Doppler frequency shiit in radio signal
propagation between a communication transceiver on the
Earth and the geosynchronous satellite. However, because
geosynchronous satellites are limited to a geosynchronous
orbit (GSO), which 1s a circle having a radius of approxi-
mately 42,164 km from the center of the Earth directly
above the Earth’s equator, the number of satellites that may
be placed 1n the GSO 1s limited. As alternatives to geosyn-
chronous satellites, communication systems that utilize a
constellation of satellites 1n non-geosynchronous orbits,
such as low-Earth orbits (LEO), have been devised to
provide communication coverage to the entire Earth or at
least large parts of the Earth.

In LEO satellite communication systems, user terminals
(UTs) may experience frequent inter-satellite handovers due
to high velocities of satellites relative to the UTs, turning on,
ofl, or reducing the power of beams of the satellites, and
satellites turning on or ofl. Frequent inter-satellite handovers
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2

may result in processing costs on network resources. On the
other hand, 1f the frequency of inter-satellite handovers 1s

arbitrarily limited, system performance may be adversely
allected due to degradation of carrier-to-interference-and-
noise ratio (CINR), which may result in degraded capacity.
Therefore, it 1s desirable to reduce the frequency of inter-
satellite handovers while providing seamless connections to
UTs without adversely aflecting system performance.

SUMMARY

The following summary 1s an overview provided solely to
aid 1n the description of various aspects of the disclosure and
1s provided solely for illustration of the aspects and not
limitation thereof.

In one example, a method of managing inter-satellite
handovers 1n a satellite constellation 1s disclosed. The
method may include, for example, determiming, relative to a
user terminal, a visibility window for one or more candidate
satellites 1n the satellite constellation, wherein the visibility
window for each candidate satellite indicates a time interval
for the candidate satellite to be visible to the user terminal,
and wherein a parameter associated with each candidate
satellite exceeds a first threshold; and providing, when a
parameter associated with a serving satellite for the user
terminal 1s below a second threshold, a handover to cause
the user terminal to be served by a new serving satellite
among the one or more candidate satellites, the new serving
satellite having a corresponding visibility window with a
longest residual time.

In another example, an apparatus for managing inter-
satellite handovers 1n a satellite constellation 1s disclosed.
The apparatus may include, for example, at least one pro-
cessor and at least one memory coupled to the at least one
processor. The at least one processor and the at least one
memory being configured to determine, relative to a user
terminal, a visibility window for one or more candidate
satellites 1n the satellite constellation, wherein the visibility
window for each candidate satellite indicates a time interval
for the candidate satellite to be visible to the user terminal,
and wherein a parameter associated with each candidate
satellite exceeds a first threshold; and provide, when a
parameter associated with a serving satellite for the user
terminal 1s below a second threshold, a handover to cause
the user terminal to be served by a new serving satellite
among the one or more candidate satellites, the new serving
satellite having a corresponding visibility window with a
longest residual time.

In another example, another apparatus for managing inter-
satellite handovers 1n a satellite constellation 1s disclosed.
The apparatus may include, for example, means for deter-
mining, relative to a user terminal, a visibility window for
one or more candidate satellites 1n the satellite constellation,
wherein the visibility window for each candidate satellite
indicates a time interval for the candidate satellite to be
visible to the user terminal, and wherein a parameter asso-
ciated with each candidate satellite exceeds a first threshold;
and means for providing, when a parameter associated with
a serving satellite for the user terminal 1s below a second
threshold, a handover to cause the user terminal to be served
by a new serving satellite among the one or more candidate
satellites, the new serving satellite having a corresponding
visibility window with a longest residual time.

In another example, a transitory or non-transitory com-
puter-readable medium 1s disclosed. The computer-readable
medium may have structions stored thereon that cause at
least one processor to perform a method for managing
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inter-satellite handovers in a satellite constellation that
includes determining, relative to a user terminal, a visibility
window for one or more candidate satellites 1n the satellite
constellation, wherein the visibility window for each can-
didate satellite indicates a time interval for each candidate
satellite to be visible to the user terminal, and wherein a
parameter associated with each candidate satellite exceeds a
first threshold; and providing, when a parameter associated
with a serving satellite for the user terminal 1s below a
second threshold, a handover to cause the user terminal to be
served by a new serving satellite among the one or more
candidate satellites, the new serving satellite having a cor-
responding visibility window with a longest residual time.

In another example, another method of managing inter-
satellite handovers 1n a satellite constellation for a user
terminal over a sequence of consecutive time instances t,, t,
ty, T4, . . ., Ta g, tar 18 disclosed. The method may include, for
example, generating a weighted directed acyclic graph
(DAG), the weighted DAG comprising a family of sets of
vertices {V(t,), k=1, 2, ..., N}, where each set of vertices
V(t,) 1s indexed by a time instance t, and represents satellite
identifications (IDs) 1n a set of satellites visible to the user
terminal at the time instance t,, and a tamily of sets of arcs
{A(t), k=2, ..., N}, where A(t,) is the set of arcs beginning
with the set of vertices V(t,_,) and ending with the set of
vertices V(t,), where each arc in the set A(t,) 1s an ordered
pair (s;, s;) where s, 1s a satellite ID 1n the set V(t,_,) and s,
1s a satellite ID 1n the set V(t,), where each arc (s, s)
represents a handover at the time instance t, for the user
terminal from the satellite with satellite ID s, to the satellite
with satellite ID s;; and weighting each arc (s,, s;) at each
time instance t, with a corresponding weight w, (t;) repre-
senting a cost associated with the handover at the time
instance t, for the user terminal from the satellite with
satellite ID s, to the satellite with satellite ID s..

In another example, another apparatus for managing inter-
satellite handovers 1n a satellite constellation for a user
terminal over a sequence of consecutive time 1nstances t,, t,,
ty, ., . . ., Tay, tas 18 disclosed. The apparatus may include,
for example, at least one processor and at least one memory
coupled to the at least one processor. The at least one
processor and the at least one memory may be configured to
generate a weighted directed acyclic graph (DAG), the
weighted DAG comprising a family of sets of vertices
IV(t,), k=1, 2, .. ., N}, where each set of vertices V(t,) is
indexed by a time nstance t, and represents satellite 1den-
tifications (IDs) 1 a set of satellites visible to the user
terminal at the time instance t,, and a family of sets of arcs
TA(t), k=2, ..., N}, where A(t,) is the set of arcs beginning
with the set of vertices V(t,_,) and ending with the set of
vertices V(t,), where each arc in the set A(t,) 1s an ordered
pair (s;, s;) where s, 1s a satellite ID 1n the set V(t,_,) and s,
is a satellite ID 1n the set V(t,), where each arc (s, s))
represents a handover at the time instance t, for the user
terminal from the satellite with satellite ID s, to the satellite
with satellite ID s;; and weight each arc (s, s;) at each time
instance t, with a corresponding weight w,(t,) representing
a cost associated with the handover at the time 1nstance t, for
the user terminal from the satellite with the satellite ID s, to
the satellite with the satellite ID s..

In another example, another apparatus for managing inter-
satellite handovers 1n a satellite constellation for a user
terminal over a sequence of consecutive time 1nstances t,, t,,
ty, ta, . . ., T ¢, Tar 18 disclosed. The apparatus may include,
for example, means for generating a weighted directed
acyclic graph (DAG), the weighted DAG comprising a
family of sets of vertices {V (t,), k=1, 2, ..., N}, where each
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set of vertices V(t,) 1s indexed by a time instance t, and
represents satellite identifications (IDs) 1n a set of satellites
visible to the user terminal at the time instance t,, and a
family of sets of arcs {A(t,), k=2, ..., N}, where A(t,) is
the set of arcs beginning with the set of vertices V(t,_,) and
ending with the set of vertices V(t,), where each arc 1n the
set A(t,) 1s an ordered pair (s,, s,) where s, 1s a satellite ID 1n
the set V(t,_,) and s, 1s a satellite ID in the set V(t,), where
each arc (s, s,) represents a handover at the time 1nstance t;,
for the user terminal from the satellite with satellite ID s, to
the satellite with satellite ID s; and means for weighting
each arc (s,, s;) at each time instance t, with a corresponding
weight w,(t,) representing a cost associated with the han-
dover at the time instance t, for the user terminal from the
satellite with the satellite ID s, to the satellite with the
satellite 1D s,

In another example, another transitory or non-transitory
computer-readable medium 1s disclosed. The computer-
readable medium may have instructions stored thereon that
cause at least one processor to perform a method for
managing handovers in a satellite constellation for a user
terminal over a sequence of consecutive time 1nstances t,, t,,
t,, t4,, . . ., tx_, Ty that includes generating a weighted
directed acyclic graph (DAG), the weighted DAG compris-
ing a family of sets of vertices {(t,), k=1, 2, ..., N}, where
each set of vertices V(t,) 1s indexed by a time 1nstance t, and
represents satellite 1dentifications (IDs) 1n a set of satellites
visible to the user terminal at the time 1instance t,, and a
family of sets of arcs {A(t,), k=2, ..., N}, where A(t)) is
the set of arcs beginning with the set of vertices V(t,_,) and
ending with the set of vertices V(t,), where each arc 1n the
set A(t,) 1s an ordered pair (s;, s;) where s, 1s a satellite ID 1n
the set V(t,_,) and s, 1s a satellite ID 1n the set V(t,), where
each arc (s;, s;) represents a handover at the time instance t,
tfor the user terminal from the satellite with satellite ID s, to
the satellite with satellite ID s;; and weighting each arc (s,
s;) at each time instance t, with a corresponding weight
w,(t,) representing a cost associated with the handover at
the time instance t, for the user terminal from the satellite
with the satellite ID s, to the satellite with the satellite ID s ..

In another example, another method of managing inter-
satellite handover 1s disclosed. The method may include, for
example, determining a visibility of a first candidate satel-
lite; determining a parameter associated with a received
signal from the first candidate satellite; determining a weight
based on the visibility of the first candidate satellite and the
parameter associated with the received signal from the first
candidate satellite; and determining whether to hand over
communication from a current serving satellite to the first
candidate satellite based on the weight.

In another example, another apparatus 1s disclosed. The
apparatus may include, for example, at least one processor
and at least one memory coupled to the at least one proces-
sor. The at least one processor and the at least one memory
may be configured to determine a visibility of a first candi-
date satellite; determine a parameter associated with a
received signal from the first candidate satellite; determine
a weight based on the visibility of the first candidate satellite
and the parameter associated with the received signal from
the first candidate satellite; and determine whether to hand
over communication from a current serving satellite to the
first candidate satellite based on the weight.

In another example, another apparatus 1s disclosed. The
apparatus may include, for example, means for determining
a visibility of a first candidate satellite; means for determin-
ing a parameter associated with a received signal from the
first candidate satellite; means for determining a weight
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based on the visibility of the first candidate satellite and the
parameter associated with the received signal from the first
candidate satellite; and means for determining whether to
hand over communication from a current serving satellite to
the first candidate satellite based on the weight.

In another example, another transitory or non-transitory
computer-readable medium 1s disclosed. The computer-
readable medium may have instructions stored thereon that
cause at least one processor to perform a method including
determining a visibility of a first candidate satellite; deter-
mimng a parameter associated with a received signal from
the first candidate satellite; determining a weight based on
the visibility of the first candidate satellite and the parameter
associated with the received signal from the first candidate
satellite; and determining whether to hand over communi-

cation from a current serving satellite to the first candidate
satellite based on the weight.

BRIEF DESCRIPTION OF TH.

(Ll

DRAWINGS

FIG. 1 1s a block diagram of an example satellite com-
munication system.

FIG. 2 1s a block diagram of one example of the gateway
of FIG. 1.

FIG. 3 1s a block diagram of one example of the satellite
of FIG. 1.

FIG. 4 1s a block diagram of one example of the user
terminal of FIG. 1.

FIG. 5 1s a block diagram of one example of the user
equipment of FIG. 1.

FIG. 6A 1s a diagram 1illustrating an example of satellite
footprint and beam profiles in an LEO satellite communi-
cation system.

FIG. 6B 1s a diagram 1illustrating an example of coverage
ol a single user terminal by nine satellites in LEO orbits.

FIG. 7 1s a graph of received carrier-power-to-noise ratio
versus time to 1llustrate the beam coverage of four satellites
over time as viewed from the perspective of a UT.

FIG. 8 1s a graph illustrating an example of an inter-
satellite handover scheme which selects the serving satellite
based on the longest time of visibility.

FIG. 9 1s a weighted directed acyclic graph (DAG)
illustrating an example of handovers according to weights
based on the times of visibility of satellites from the per-
spective of a UT.

FI1G. 10 illustrates a method of selecting a serving satellite
based on load balancing.

FIGS. 11-13 are flowcharts illustrating examples of man-
aging inter-satellite handovers 1n a satellite communication
system.

FIGS. 14-16 illustrate examples of an apparatus for man-
aging inter-satellite handovers represented as a series of
interrelated functional modules.

DETAILED DESCRIPTION

In non-geosynchronous satellite communication systems,
such as low-earth-orbit (LEQO) satellite communication sys-
tems, a large number of satellites are typically required to
form a constellation, to allow ground stations including
gateways and user terminals (UTs) to maintain communi-
cations even though each individual satellite 1n the constel-
lation 1s not at a fixed location with respect to the ground
stations at different instants of time. In some 1implementa-
tions, 1n order to reduce the cost of making each satellite in
an LEO satellite communication system, each satellite may
serve as a bent-pipe relay or transponder, that 1s, without 1ts
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own data processing. In such implementations, the gateway
and/or the UT may manage handovers of communications
from one satellite to another.

In other implementations, each satellite may be equipped
with one or more processors and/or one or more memories
to process data mstead of simply serving as a bent-pipe relay
or transponder. In such implementations, the satellite may
manage inter-satellite handovers. For example, the satellite
may manage inter-satellite handovers based on one or more
parameters, examples of which will be described below,
transmitted by the gateway and/or UT to the satellite.
Alternatively, the gateway and/or the UT may manage
inter-satellite handovers without requiring on-board pro-
cessing by the satellite.

Specific examples of the disclosure are described in the
following description and related drawings. Alternate
examples may be devised without departing from the scope
of the disclosure. Additionally, well-known elements will
not be described in detail or will be omitted so as not to
obscure the relevant details of the disclosure.

The word “exemplary” 1s used herein to mean “serving as
an example, 1nstance, or illustration.” Any aspect described
herein as “exemplary” i1s not necessarily to be construed as
preferred or advantageous over other aspects. Likewise, the
term “aspects” does not require that all aspects include the
discussed feature, advantage, or mode of operation.

The terminology used herein 1s for the purpose of describ-
ing particular aspects only and 1s not intended to be limiting
of the aspects. As used herein, the singular forms “a,” “an,”
and “the” are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be
further understood that the terms “comprises,” “compris-
ing,” “includes,” or “including,” when used herein, specity
the presence of stated features, integers, steps, operations,
clements, or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, or groups thereol. More-
over, 1t 1s understood that the word “or” has the same
meaning as the Boolean operator “OR,” that 1s, 1t encom-
passes the possibilities of “etther” and “both™ and 1s not
limited to “exclusive or” (*XOR”), unless expressly stated
otherwise. It 1s also understood that the symbol */” between
two adjacent words has the same meaning as “or” unless
expressly stated otherwise. Moreover, phrases such as “con-
nected to,” “coupled to,” or “in communication with™ are not
limited to direct connections unless expressly stated other-
wise.

Further, many aspects are described 1n terms of sequences
ol actions to be performed by, for example, elements of a
computing device. It will be recognized that various actions
described herein can be performed by specific circuits, for
example, central processing units (CPUs), graphic process-
ing units (GPUs), digital signal processors (DSPs), applica-
tion-specific integrated circuits (ASICs), field program-
mable gate arrays (FPGAs), or various other types of general
purpose or special purpose processors or circuits, by pro-
gram 1nstructions being executed by one or more processors,
or by a combination of both. Additionally, the sequence of
actions described herein can be considered to be embodied
entirely within any form of computer-readable storage
medium having stored therein a corresponding set of com-
puter mstructions that upon execution would cause an asso-
ciated processor to perform the functionality described
herein. Thus, the various aspects of the disclosure may be
embodied in a number of different forms, all of which have
been contemplated to be within the scope of the claimed

subject matter. In addition, for each of the aspects described
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herein, the corresponding form of any such aspects may be
described herein as, for example, “logic configured to”
perform the described action.

FIG. 1 illustrates an example of a satellite communication
system 100 which includes a plurality of satellites (although
only one satellite 300 1s shown for clarity of illustration) 1n
non-geosynchronous orbits, for example, low-earth orbits
(LEO), a gateway 200 1n communication with the satellite
300, a plurality of user terminals (Uls) 400 and 401 1n
communication with the satellite 300, and a plurality of user
equipment (UE) 500 and 501 in communication with the
UTs 400 and 401, respectively. In one aspect, to be described
in more detail later, the gateway 200 includes the handover
control 202 for providing inter-satellite handover control
information to the various UTs. Each UE 500 or 501 may be
a user device such as a mobile device, a telephone, a
smartphone, a tablet, a laptop computer, a computer, a
wearable device, a smart watch, an audiovisual device, or
any device including the capability to communicate with a
UT. Additionally, the UE 3500 and/or UE 3501 may be a
device (e.g., access point, small cell, etc.) that 1s used to
communicate with one or more end user devices. In the
example 1llustrated 1n FIG. 1, the UT 400 and the UE 500
communicate with each other via a bidirectional access link
(having a forward access link and return access link), and
similarly, the UT 401 and the UE 501 communicate with
cach other via another bidirectional access link. In another
implementation, one or more additional UEs (not shown)
may be configured to receive only and therefore communi-
cate with a UT only using a forward access link. In another
implementation, one or more additional UEs (not shown)
may also communicate with the UT 400 or UT 401. Alter-
natively, a UT and a corresponding UE may be integral parts
ol a single physical device, such as a mobile telephone with
an 1ntegral satellite transceiver and an antenna for commu-
nicating directly with a satellite, for example.

The gateway 200 may have access to Internet 108 or one
or more other types of public, semiprivate, or private net-
works. In the example illustrated in FI1G. 1, the gateway 200
1S 1n communication with infrastructure 106, which 1s
capable of accessing the Internet 108 or one or more other
types of public, semiprivate, or private networks. The gate-
way 200 may also be coupled to various types of commu-
nication backhaul, including, for example, landline networks
such as optical fiber networks or public switched telephone
networks (PSTN) 110. Further, 1n alternative implementa-
tions the gateway 200 may interface to the Internet 108, the
PSTN 110, or one or more other types of public, semiprivate,
or private networks without using the inirastructure 106.
Furthermore, the gateway 200 may commumnicate with other
gateways, such as gateway 201 through the infrastructure
106 or alternatively may be configured to communicate with
the gateway 201 without using the infrastructure 106. The
infrastructure 106 may include, 1n whole or part, a network
control center (NCC), a satellite control center (SCC), a
wired and/or wireless core network, and/or any other com-
ponents or systems used to facilitate operation of and/or
communication with the satellite communication system
100.

Communications between the satellite 300 and the gate-
way 200 1n both directions are called feeder links, whereas
communications between the satellite 300 and each of the
UTs 400 and 401 1n both directions are called service links.
A signal path from the satellite 300 to a ground station,
which may be the gateway 200 or one of the UTs 400 and
401, may be generically called a downlink. A signal path
from a ground station to the satellite 300 may be generically
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called an uplink. Additionally, as illustrated, signals can
have a general directionality such as a forward link and a
return link or reverse link. Accordingly, a commumnication
link 1n a direction originating from the gateway 200 and
terminating at the UT 400 through the satellite 300 1s called
a forward link, whereas a communication link 1n a direction
originating from the UT 400 and terminating at the gateway
200 through the satellite 300 is called a return link or reverse
link. As such, the signal path from the gateway 200 to the
satellite 300 1s labeled “Forward Feeder Link” whereas the
signal path from the satellite 300 to the gateway 200 1s
labeled “Return Feeder Link™ 1n FIG. 1. In a similar manner,
the signal path from each UT 400 or 401 to the satellite 300
1s labeled “Return Service Link™ whereas the signal path
from the satellite 300 to each UT 400 or 401 1s labeled
“Forward Service Link™ 1n FIG. 1.

FIG. 2 1s an example block diagram of the gateway 200,
which also can apply to the gateway 201 of FIG. 1. The
gateway 200 1s shown to include a number of antennas 205,
an RF subsystem 210, a digital subsystem 220, a Public
Switched Telephone Network (PSTN) interface 230, a Local
Area Network (LAN) interface 240, a gateway interface
245, and a gateway controller 250. The RF subsystem 210
1s coupled to the antennas 205 and to the digital subsystem
220. The digital subsystem 220 1s coupled to the PSTN
interface 230, to the LAN interface 240, and to the gateway
interface 245. The gateway controller 250 1s coupled to the
RF subsystem 210, the digital subsystem 220, the PSTN
interface 230, the LAN interface 240, and the gateway
interface 245.

The RF subsystem 210, which may include a number of
RF transceivers 212, an RF controller 214, and an antenna
controller 216, may transmit communication signals to the
satellite 300 via a forward feeder link 301F, and may receive
communication signals from the satellite 300 via a return
teeder link 301R. Although not shown for simplicity, each of
the RF transceivers 212 may include a transmit chain and a
receive chain. Fach receirve chain may include a low noise
amplifier (LNA) and a down-converter (e.g., a mixer) to
amplily and down-convert, respectively, recetved commu-
nication signals in a well-known manner. In addition, each
receive chain may include an analog-to-digital converter
(ADC) to convert the received communication signals from
analog signals to digital signals (e.g., for processing by the
digital subsystem 220). Each transmit chain may include an
up-converter (e.g., a mixer) and a power amplifier (PA) to
up-convert and amplily, respectively, communication sig-
nals to be transmitted to the satellite 300 1n a well-known
manner. In addition, each transmit chain may include a
digital-to-analog converter (DAC) to convert the digital
signals received from the digital subsystem 220 to analog
signals to be transmitted to the satellite 300.

The RF controller 214 may be used to control various
aspects of the number of RF transceivers 212 (e.g., selection
of the carner frequency, frequency and phase calibration,
gain settings, and the like). The antenna controller 216 may
control various aspects of the antennas 205 (e.g., beamform-
ing, beam steering, gain settings, frequency tuning, and the
like).

The digital subsystem 220 may include a number of
digital recerver modules 222, a number of digital transmaitter

modules 224, a baseband (BB) processor 226, and a control
(CTRL) processor 228. The digital subsystem 220 may

[

process communication signals received from the RF sub-

system 210 and forward the processed communication sig-
nals to the PSTN intertace 230 and/or the LAN interface
240, and may process communication signals received from
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the PSTN 1interface 230 and/or the LAN interface 240 and
tforward the processed communication signals to the RF
subsystem 210.

Each digital receiver module 222 may correspond to
signal processing elements used to manage communications
between the gateway 200 and the UT 400. One of the receive
chains of the RF transceivers 212 may provide input signals
to the digital recetver modules 222. A number of digital
receiver modules 222 may be used to accommodate all of the
satellite beams and possible diversity mode signals being
handled at any given time. Although not shown for simplic-
ity, each digital receiver module 222 may include one or
more digital data receivers, a searcher receirver, and a
diversity combiner and decoder circuit. The searcher
receiver may be used to search for appropriate diversity
modes of carrier signals, and may be used to search for pilot
signals (or other relatively fixed pattern strong signals).

The digital transmitter modules 224 may process signals
to be transmitted to the UT 400 via the satellite 300.
Although not shown for simplicity, each digital transmitter
module 224 may include a transmit modulator that modu-
lates data for transmission. The transmission power of each
transmit modulator may be controlled by a corresponding
digital transmit power controller (not shown for simplicity)
that may (1) apply a minimum level of power for purposes
of interference reduction and resource allocation and (2)
apply appropriate levels of power when needed to compen-
sate for attenuation in the transmission path and other path
transfer characteristics.

The CTRL processor 228, which 1s coupled to the digital
receiver modules 222, the digital transmitter modules 224,
and the BB processor 226, may provide command and
control signals to effect functions such as, but not limited to,
signal processing, timing signal generation, power control,
handofl control, diversity combining, and system interfac-
ing.

The CTRL processor 228 may also control the generation
and power of pilot, synchronization, and paging channel
signals and their coupling to the transmit power controller
(not shown for simplicity). The pilot channel 1s a signal that

1s not modulated by data, and may use a repetitive unchang-
ing pattern or non-varying iframe structure type (pattern) or
tone type input. For example, the orthogonal function used
to form the channel for the pilot signal generally has a
constant value, such as all 1’s or 0’s, or a well-known
repetitive pattern, such as a structured pattern of interspersed
1’s and O’s.

The BB processor 226 1s well known in the art and 1s
therefore not described 1n detail herein. For example, the BB
processor 226 may include a variety of known elements such
as (but not limited to) coders, data modems, and digital data
switching and storage components.

The PSTN interface 230 may provide communication
signals to, and receive communication signals from, an
external PSTN either directly or through the infrastructure
106, as 1llustrated in FIG. 1. The PSTN intertace 230 1s well
known 1n the art, and therefore 1s not described 1n detail
herein. For other implementations, the PSTN interface 230
may be omitted, or may be replaced with any other suitable
interface that connects the gateway 200 to a ground-based
network (e.g., the Internet 108).

The LAN interface 240 may provide communication
signals to, and receive communication signals from, an
external LAN. For example, the LAN interface 240 may be
coupled to the Internet 108 either directly or through the
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infrastructure 106, as 1llustrated in FIG. 1. The LAN inter-
face 240 1s well known 1n the art, and therefore 1s not
described 1n detail herein.

The gateway interface 245 may provide communication
signals to, and receive communication signals from, one or
more other gateways associated with the satellite commu-
nication system 100 of FIG. 1 (and/or to/from gateways
associated with other satellite communication systems, not
shown for simplicity). For some implementations, the gate-
way interface 245 may communicate with other gateways
via one or more dedicated communication lines or channels
(not shown for simplicity). For other implementations, the
gateway 1nterface 245 may communicate with other gate-
ways using the PSTN interface 230 and/or other networks
such as the Internet 108 (see also FIG. 1). For at least one
implementation, the gateway interface 245 may communi-
cate with other gateways via the infrastructure 106.

Overall gateway control may be provided by the gateway
controller 250. The gateway controller 250 may plan and
control utilization of the satellite 300°s resources by the
gateway 200. For example, the gateway controller 250 may
analyze trends, generate trailic plans, allocate satellite
resources, momtor (or track) satellite positions, and monitor
the performance of the gateway 200 and/or the satellite 300.
The gateway controller 250 may also be coupled to a
ground-based satellite controller (not shown for simplicity)
that maintains and monitors orbits of the satellite 300, relays
satellite usage information to the gateway 200, tracks the
positions of the satellite 300, and/or adjusts various channel
settings of the satellite 300.

For the example implementation 1llustrated 1n FI1G. 2, the
gateway controller 250 includes a local time, frequency, and
position references 251, which may provide local time or
frequency information to the RF subsystem 210, the digital
subsystem 220, and/or the interfaces 230, 240, and 245. The
time or frequency iformation may be used to synchronize
the various components of the gateway 200 with each other
and/or with the satellite 300. The local time, frequency, and
position references 251 may also provide position informa-
tion (e.g., ephemeris data) of the satellite 300 to the various
components of the gateway 200. Further, although depicted
in FIG. 2 as included within the gateway controller 250, for
other implementations, the local time, frequency, and posi-
tion references 251 may be a separate subsystem that 1s
coupled to the gateway controller 250 (and/or to one or more
of the digital subsystem 220 and the RF subsystem 210).

Although not shown 1n FIG. 2 for simplicity, the gateway
controller 250 may also be coupled to a network control
center (NCC) and/or a satellite control center (SCC). For
example, the gateway controller 250 may allow the SCC to
communicate directly with the satellite 300, for example, to
retrieve ephemeris data from the satellite 300. The gateway
controller 250 may also receive processed imnformation (e.g.,
from the SCC and/or the NCC) that allows the gateway
controller 250 to properly aim the antennas 205 (e.g., at the
satellite 300), to schedule beam transmissions, to coordinate
handovers, and to perform various other well-known func-
tions.

FIG. 3 1s an example block diagram of the satellite 300 for
illustrative purposes only. It will be appreciated that specific
satellite configurations can vary significantly and may or
may not include on-board processing. Further, although
illustrated as a single satellite, two or more satellites using
inter-satellite communication may provide the functional
connection between the gateway 200 and the UT 400. It will
be appreciated that the disclosure 1s not limited to any
specific satellite configuration and any satellite or combina-
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tions of satellites that can provide the functional connection
between the gateway 200 and the UT 400 can be considered
within the scope of the disclosure. In one example, the
satellite 300 1s shown to include a forward transponder 310,
a return transponder 320, an oscillator 330, a controller 340,
forward link antennas 352(1)-352(NN), and return link anten-
nas 361(1)-361(IN). The forward transponder 310, which
may process communication signals within a corresponding,
channel or frequency band, may include a respective one of
first bandpass filters 311(1)-311(N), a respective one of {irst
LNAs 312(1)-312(N), a respective one of frequency con-
verters 313(1)-313(N), a respective one of second LNAs
314(1)-314(N), a respective one of second bandpass filters
315(1)-315(N), and a respective one of PAs 316(1)-316(IN).
Each of the PAs 316(1)-316(IN) 1s coupled to a respective
one of the forward link antennas 352(1)-352(N), as shown 1n
FIG. 3.

Within a respective one of forward paths FP(1)-FP(N), the
first bandpass filters 311(1)-311(N) pass signal components
having frequencies within the channel or frequency band of
the respective forward paths FP(1)-FP(N), and filter signal
components having frequencies outside the channel or fre-
quency band of the respective forward paths FP(1)-FP(IN).
Thus, the pass bands of the first bandpass filters 311(1)-311
(N) correspond to the width of the channel associated with
the respective forward paths FP(1)-FP(N). The first LNAs
312(1)-312(N) amplity the received communication signals
to a level suitable for processing by the frequency converters
313(1)-313(N). The frequency converters 313(1)-313(N)
convert the frequency of the communication signals 1n the
respective forward paths FP(1)-FP(N) (e.g., to a frequency
suitable for transmission from the satellite 300 to the UT
400). The second LNAs 314(1)-314(N) amplily the fre-
quency-converted communication signals, and the second
bandpass filters 315(1)-315(N) filter signal components hav-
ing frequencies outside of the associated channel width. The
PAs 316(1)-316(IN) amplify the filtered signals to a power
level suitable for transmission to the UT 400 via the respec-
tive forward link antennas 352(1)-352(N). The return tran-
sponder 320, which includes a number N of return paths
RP(1)-RP(N), receives communication signals from the UT
400 along return service link 302R wvia the return link
antennas 361(1)-361(N), and transmits communication sig-
nals to the gateway 200 along return feeder link 301R via
one or more antennas 362. Each of the return paths RP(1)-
RP(IN), which may process communication signals within a
corresponding channel or frequency band, may be coupled
to a respective one of the return link antennas 361(1)-361
(N), and may include a respective one of first bandpass
filters 321(1)-321(N), a respective one of first LNAs 322
(1)-322(N), a respective one of frequency converters 323
(1)-323(N), a respective one of second LNAs 324(1)-324
(N), and a respective one of second bandpass filters 325(1)-
325(N).

Within each of the respective return paths RP(1)-RP(N),
the first bandpass filters 321(1)-321(N) pass signal compo-
nents having frequencies within the channel or frequency
band of the respective return paths RP(1)-RP(N), and filter
signal components having frequencies outside the channel or
frequency band of the respective return paths RP(1)-RP(IN).
Thus, the pass bands of the first bandpass filters 321(1)-321
(N) may for some implementations correspond to the width
of the channel associated with the respective return paths
RP(1)-RP(N). The first LNAs 322(1)-322(N) amplify all the
received communication signals to a level suitable for
processing by the frequency converters 323(1)-323(N). The
frequency converters 323(1)-323(N) convert the frequency
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of the communication signals 1n the respective return paths
RP(1)-RP(N) (e.g., to a frequency suitable for transmission
from the satellite 300 to the gateway 200). The second LNAs
324(1)-324(N) amplity the frequency-converted communi-
cation signals, and the second bandpass filters 325(1)-325
(N) filter signal components having frequencies outside of
the associated channel width. Signals from the return paths
RP(1)-RP(N) are combined and provided to the one or more
antennas 362 via a PA 326. The PA 326 amplifies the
combined signals for transmission to the gateway 200.

The oscillator 330, which may be any suitable circuit or
device that generates an oscillating signal, provides a for-
ward local oscillator LO(F) signal to the frequency convert-
ers 313(1)-313(N) of the forward transponder 310, and
provides a return local oscillator LO(R) signal to the fre-
quency converters 323(1)-323(N) of the return transponder
320. For example, the LO(F) signal may be used by the
frequency converters 313(1)-313(IN) to convert communi-
cation signals from a frequency band associated with the
transmission ol signals from the gateway 200 to the satellite
300 to a frequency band associated with the transmission of
signals from the satellite 300 to the UT 400. The LO(R)
signal may be used by the frequency converters 323(1)-323
(N) to convert communication signals from a frequency
band associated with the transmission of signals from the
UT 400 to the satellite 300 to a frequency band associated
with the transmission of signals from the satellite 300 to the
gateway 200.

The controller 340, which 1s coupled to the forward
transponder 310, the return transponder 320, and the oscil-
lator 330, may control various operations of the satellite 300
including (but not limited to) channel allocations. In one
aspect, the controller 340 may include a memory coupled to
a processor (not shown for simplicity). The memory may
include a non-transitory computer-readable medium (e.g.,
one or more nonvolatile memory elements, such as EPROM,
EEPROM, Flash memory, a hard drive, etc.) storing instruc-
tions that, when executed by the processor, cause the satel-
lite 300 to perform operations including (but not limited to)
those described herein.

An example of a transceiver for use 1n the UT 400 or 401
1s 1llustrated 1n FIG. 4. In FIG. 4, at least one antenna 410
1s provided for receiving forward link communication sig-
nals (e.g., from the satellite 300), which are transferred to an
analog receiver 414, where they are down-converted, ampli-
fied, and digitized. A duplexer element 412 1s often used to
allow the same antenna 410 to serve both transmit and
receive functions. Alternatively, the UT 400 may employ
separate antennas 410 for operating at different transmit and
receive frequencies.

The digital communication signals output by the analog
receiver 414 are transferred to at least one digital data
receiver 416 A-416N and at least one searcher receiver 418.
The digital data receivers 416 A-416IN can be used to obtain
desired levels of signal diversity, depending on the accept-
able level of transceiver complexity, as would be apparent to
one skilled 1n the relevant art.

At least one control processor 420 1s coupled to the digital
data receivers 416A-416N and the searcher receiver 418.
The control processor 420 provides, among other Tunctions,
basic signal processing, timing, power and handofl control
or coordination, and selection of frequency used for signal
carriers. Another basic control function that may be per-
formed by the control processor 420 1s the selection or
mampulation of functions to be used for processing various
signal wavetorms. Signal processing by the control proces-
sor 420 can include a determination of relative signal
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strength and computation of various related signal param-
eters. Such computations of signal parameters, such as
timing and frequency may include the use of additional or
separate dedicated circuitry to provide increased efliciency
or speed 1n measurements or improved allocation of control
processing resources.

The outputs of the digital data receivers 416 A-416N are
coupled to digital baseband circuitry 422 within the UT 400.
The digital baseband circuitry 422 comprises processing and
presentation elements used to transfer information to and
from the UE 500 as shown in FIG. 1, for example. Referring
to FIG. 4, 1f diversity signal processing 1s employed, the
digital baseband circuitry 422 may comprise a diversity
combiner and decoder. Some of these elements may also
operate under the control of, or in communication with, the
control processor 420.

When voice or other data 1s prepared as an output message
or communications signal originating with the UT 400, the
digital baseband circuitry 422 1s used to receive, store,
process, and otherwise prepare the desired data for trans-
mission. The digital baseband circuitry 422 provides this
data to a transmit modulator 426 operating under the control
of the control processor 420. The output of the transmait
modulator 426 1s transierred to a digital transmit power
controller 428 which provides output power control to an

analog transmit power amplifier 430 for final transmission of
the output signal from the antenna 410 to a satellite (e.g., the
satellite 300).

In FIG. 4, the UT 400 also includes a memory 432
associated with the control processor 420. The memory 432
may include instructions for execution by the control pro-
cessor 420 as well as data for processing by the control
processor 420. In the example illustrated in FIG. 4, the
memory 432 may include instructions for performing time
or frequency adjustments to be applied to an RF signal to be
transmitted by the UT 400 via the return service link 302R
to the satellite 300.

In the example illustrated in FIG. 4, the UT 400 also
includes an optional local time, frequency and/or position
references 434 (e.g., a GPS receiver), which may provide
local time, frequency and/or position information to the
control processor 420 for various applications, including, for
example, time or frequency synchronization for the UT 400.

The digital data receivers 416A-N and the searcher
receiver 418 are configured with signal correlation elements
to demodulate and track specific signals. The searcher
receiver 418 1s used to search for pilot signals, or other
relatively strong fixed pattern signals, while the digital data
receivers 416A-N are used to demodulate other signals
associated with detected pilot signals. However, the digital
data receivers 416 A-N can be assigned to track the pilot
signal after acquisition to accurately determine the ratio of
signal chip energies to signal noise, and to formulate pilot
signal strength. Therefore, the outputs of these units can be
monitored to determine the energy in, or frequency of, the
pilot signal or other signals. These digital data receivers
416A-N also employ frequency tracking elements that can
be monitored to provide current frequency and timing nfor-
mation to the control processor 420 for signals being
demodulated.

The control processor 420 may use such information to
determine to what extent the received signals are offset from
the oscillator frequency, when scaled to the same frequency
band, as appropriate. This, and other information related to
frequency errors and frequency shifts, can be stored 1n the
memory 432 as desired.

10

15

20

25

30

35

40

45

50

55

60

65

14

The control processor 420 may also be coupled to UE
interface circuitry 430 to allow communications between the
UT 400 and one or more UEs. The UE terface circuitry
450 may be configured as desired for communication with
various UE configurations and accordingly may include
various transceivers and related components depending on
the various communication technologies employed to com-
municate with the various UEs supported. For example, the
UE 1nterface circuitry 450 may include (not shown) one or
more antennas, a wide area network (WAN) transceiver, a
wireless local area network (WLAN) transceiver, a Local

Area Network (LAN) interface, a Public Switched Tele-
phone Network (PSTN) mtertface and/or other known com-
munication technologies configured to communicate with
one or more UEs in communication with the UT 400.

FIG. § 1s a block diagram 1llustrating an example of the
UE 500, which also can apply to the UE 501 of FIG. 1. The

UE 500 as shown i FIG. 5 may be a mobile device, a
handheld computer, a tablet, a wearable device, a smart
watch, or any type of device capable of interacting with a
user, for example. Additionally, the UE 500 may be a
network side device that provides connectivity to various
ultimate end user devices and/or to various public or private
networks. In the example shown 1n FIG. 5, the UE 500 may
comprise a LAN interface 502, one or more antennas 504, a
wide area network (WAN) transceiver 506, a wireless local
area network (WLAN) transceiver 508, and a satellite posi-
tioning system (SPS) receiver 5310. The SPS receiver 510
may be compatible with Global Positioning System (GPS),
(Global Navigation Satellite System (GLONASS) and/or any
other global or regional satellite based positioning system.
In an alternate aspect, the UE 500 may include the WLAN
transceiver 508, such as a Wi-Fi transceiver, with or without
the LAN interface 502, the WAN transceiver 506, and/or the
SPS recerver 510, for example. Further, the UE 500 may
include additional transceivers such as Bluetooth®, Zig-
Bee®, and other known technologies, with or without the
L AN interface 502, the WAN transceiver 506, the WLAN
transceiver 508 and/or the SPS receiver 510. Accordingly,
the elements illustrated for the UE 500 are provided merely
as an example configuration and are not intended to limit the
configuration of UEs 1n accordance with the various aspects
disclosed herein.

In the example shown in FIG. 5, a processor 512 1s
connected to the LAN interface 502, the WAN transceiver
506, the WLAN transceiver 508 and the SPS receiver 510.
Optionally, a motion sensor 514 and other sensors may also
be coupled to the processor 512.

A memory 516 1s connected to the processor 512. In one
aspect, the memory 516 may include data 518 that may be
transmitted to and/or received from the UT 400, as shown 1n
FIG. 1. Referring to FIG. 5, the memory 516 may also
include stored instructions 520 to be executed by the pro-
cessor 512 to perform the process steps for communicating
with the UT 400, for example. Furthermore, the UE 500 may
also include a user interface 522, which may include hard-
ware and software for interfacing inputs or outputs of the
processor 512 with the user through light, sound or tactile
inputs or outputs, for example. In the example shown in FIG.
5, the UE 500 includes a microphone/speaker 524, a keypad
526, and a display 528 connected to the user interface 522.
Alternatively, the user’s tactile mput or output may be
integrated with the display 528 by using a touch-screen
display, for example. Once again, the elements 1llustrated 1n
FIG. § are not intended to limit the configuration of the UEs
disclosed herein and 1t will be appreciated that the elements
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included 1n the UE 500 will vary based on the end use of the
device and the design choices of the system engineers.

Additionally, the UE 500 may be a user device such as a
mobile device or external network side device in commu-
nication with, but separate from, the UT 400 as illustrated in
FIG. 1, for example. Alternatively, the UE 500 and the UT
400 may be integral parts of a single physical device.

As 1llustrated 1n FIG. 1, a network of LEO communica-
tion satellites, such as the satellite 300, relays tratlic between
one or more of the gateways 200, 201 and the user terminals
(UTs) 400, 401. Due to the mobility of LEO satellites
relative to UTs, the radio communication of a UT may
transition among different satellites that provide coverage to
a Ul.

FIG. 6A 15 a diagram 1llustrating an example of a satellite
footprint and beam profiles in an LEO satellite communi-
cation system. In this example, the satellite has multiple
antennas having elliptical beam patterns 602a . . . 602
stacked 1n the direction of satellite motion indicated by a
vertical arrow 604. As shown 1n FIG. 6 A, the elliptical beam
patterns 602q . . . 602» form a satellite footprint illustrated
by a dashed rectangle or square 606. As illustrated 1n FIG.
6A, a center 608 of the satellite footprint 1s also called a
subsatellite point. In an example of an LEO satellite com-
munication system with multiple satellites, each of the
satellites covers an equal amount of footprint, that 1s, an
equal amount of area on the surface of the Earth.

FIG. 6B 1s a diagram 1llustrating an example of coverage
of a single UT 620 by nine satellites in LEO orbaits. In FIG.
6B, the three vertical arrows 622a, 6225 and 622¢ denote the
directions of the motions of the satellites within their mdi-
vidual orbital planes. In the example 1llustrated in FIG. 6B,
the first and second vertical arrows 622a and 6226 are
parallel and 1n the same direction, whereas the third vertical
arrow 622c¢ 1s 1n parallel with but opposite to the direction
of the first and second vertical arrows 622a and 6225b.

In the example shown 1 FIG. 6B, a first set of three
satellites have respective footprints 624, 626 and 628 1n the
direction indicated by the first vertical arrow 622a, a second
set of three satellites have respective footprints 630, 632 and
634 1n the direction 1indicated by the second vertical arrow
622b, and a third set of three satellites have respective
footprints 636, 638 and 640 1n the direction indicated by the
third vertical arrow 622¢. The first set of footprints 624, 626
and 628 are part of an orbital plane along the direction
indicated by the first vertical arrow 622a, the second set of
footprints 630, 632 and 634 are part of an orbital plane along
the direction indicated by the second vertical arrow 6225,
and the third set of footprints 636, 638 and 640 are part of
an orbital plane along the direction indicated by the third
vertical arrow 622¢. In the example illustrated in FIG. 6B,
three orbital planes are shown, and three satellite footprints
are shown within each orbital plane for simplicity of 1llus-
tration, although an actual LEO satellite constellation may
include many more beams per satellite, and many more
satellites within each plane and many more orbital planes.

In FIG. 6B, which 1s shown from the perspective of the
UT 620 on the Earth, the satellites move along their orbital
planes relative to the UT 620 over time. As the satellites
move, their coverage areas change over time. As the satel-
lites move or change their beam transmit power levels, the
UT 620 needs to be handed over from one satellite to the
next on the forward service and reverse service links,
thereby regularly changing serving satellites through an
inter-satellite handover process. A satellite 1s said to be the
serving satellite for a UT when 1t 1s capable of direct
communication with the UT, regardless of whether 1t 1s 1n a

10

15

20

25

30

35

40

45

50

55

60

65

16

connected mode or an 1dle mode. It will therefore be
appreciated that the suite of algorithms disclosed herein are
applicable to not only a UT 1n connected mode, but also a
UT 1n 1dle mode.

The footprints of adjacent satellites in an LEO satellite
constellation may have areas of overlap to provide continu-
ous coverage. For example, as illustrated 1n FIG. 6B, the
footprints 630 and 632 shared an overlapped area 650, and
the footprints 632 and 634 shared an overlapped area 6352
along the orbital plane 1n the direction indicated by the
second vertical arrow 622b. Furthermore, there may be
overlapped areas between adjacent satellite footprints along
adjacent orbital planes. For example, as illustrated i FIG.
6B, the footprints 624 and 630 share an overlapped area 660,
and the footprints 630 and 636 share an overlapped area 662.
In the example 1llustrated in FIG. 6B, the overlapped areas
650 and 652 are shown {for simplicity of illustration,
although 1n an actual LEO satellite constellation, there may
be multiple footprints with overlaps, and the relative size of
the overlaps may be significant.

A UT located 1n a region of satellite coverage overlap may
experience Irequent inter-satellite handovers or handoils
(ISHOs). Frequent ISHOs may result 1n poor resource
utilization. On the other hand, if the number of ISHOs 1s
arbitrarily limited, then the satellite that 1s forced to remain
as the serving satellite for the UT at or close to the edge of
the beam coverage of the satellite, thereby resulting in
degraded carrier-to-1ntertference-and-noise ratio (CINR) and
reduced performance and capacity. Methods and apparatus
for managing inter-satellite handovers are provided to
reduce the number of handovers while maintaining certain
quality of service requirements.

In one aspect, a number of assumptions are made for a
method of managing inter-satellite handovers. In one
example, a gateway provides a handover table that contains
satellite ID, beam 1D, time to measure and switch satellites.
The handover table may contain entries for multiple satel-
lites over a period of time. In one aspect, the gateway 1s
assumed to have perfect knowledge of the location and
velocity of the UT, the locations and velocities of the
satellites 1n the LEO satellite constellation, the satellite
beam parameters, and any errors associated with these
values. In practice, the locations and velocities as well as
beam parameters of the satellites 1n their orbits are known to
the satellite communication system, and these parameters
may be known a-prior1 as factors 1n managing inter-satellite
handovers. In some 1implementations, the gateway may also
have knowledge of the satellite and the power status of
individual satellite beams, for example, the status indicating
whether each individual satellite beam 1s on, off, or partially
powered. The power status of a satellite and individual
beams of the satellite may also be input into the inter-
satellite handover algorithm. In an alternate example, a
gateway may provide limited information on these param-
cters and a UT would manage inter-satellite handovers. In
another alternate example, some of these parameters may be
stored and used by a UT to manage inter-satellite handovers.
In yet another alternate example, a gateway and/or UT may
provide limited feedback and/or information on these
parameters to a satellite, and the satellite would manage
inter-satellite handovers.

The best received carrier power (best-C) and/or the best
carrier to interference and noise ratio (best-CINR) estimates
or measurements are used to determine whether to perform
an inter-satellite handover. For example, a UT connection 1s
handed over to a satellite beam with the best-C and/or the
best CINR. Inter-satellite handover 1s performed based on
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the best-C/best-CINR by a-prior1 estimating or by measuring,
the received carrier power and/or CINR from all the satel-
lites and beams that are visible to the UT at a given instant
of time, and the satellite with the best received carrier power
and/or CINR 1s selected. In an alternate implementation, a
trigger for handover can be based on when the recerved
CINR or the received carrier power of the current serving
satellite 1s below a threshold. When the handover trigger
occurs, the satellite with best received carrier power or
CINR to the UT 1s selected.

In one 1mplementation, the constraints of a UT antenna
may also be considered as factors 1n managing inter-satellite
handovers. The UT antenna may need to be mechanically
rotated 1n azimuth and/or elevation to point to a target
satellite. In one implementation, if the UT antenna does not
rotate fast enough to point to a potential target satellite
within a limited amount of time, for example, handover to
such a potential target satellite may be skipped. Design
constraints of the UT antenna such as the rate of rotation of
the UT antenna 1n azimuth and/or elevation may be included
as factors 1n determining whether a satellite may quality as
a target of handover and serve as a new serving satellite.

With such an inter-satellite handover scheme, however,
back-and-forth handovers between beams of adjacent satel-
lites may occur 1f the best recerved carrier power and/or
CINR comes alternately from beams of adjacent satellites
with partially overlapping footprints. For example, FIG. 7 1s
a graph of received carrier-power-to-noise ratio versus time
to 1llustrate the beam coverage of four satellites over time as
viewed from the perspective of a UT. The received carrier-
power-to-noise ratio versus time for first, second, third and
fourth satellites are illustrated as curves 702, 704, 706 and
708, respectively.

As 1illustrated 1n FIG. 7, the curves 702 and 704 of
received carrier-power-to-noise ratio versus time for first
and second satellites have a crossover region 710 with
multiple points at which the best carrier-power-to-noise ratio
could be from either the first satellite or the second satellite.
Likewise, the curves 704 and 706 of received carrier-power-
to-noise ratio versus time for second and third satellites have
a crossover region 712 with multiple points at which the best
carrier-power-to-noise ratio could be from either the second
satellite or the third satellite. Similarly, the curves 706 and
708 of recerved carrier-power-to-noise ratio versus time for
third and fourth satellites have a crossover region 714 with
multiple points at which the best carrier-power-to-noise ratio
could be from either the third satellite or the fourth satellite.
In a region 1n which the best carrier-power-to-noise ratio
could be from either one of two adjacent satellites, multiple
handovers back and forth between the two satellites may
occur within a short period of time, which would 1ncur
undesirable cost on network resources.

In an alternative scheme, a UT connection 1s handed over
to a satellite that has a shortest distance to the UT. In this
scheme, at a given instant 1n time, the distance between the
UT and all visible satellites 1s computed. A satellite 1denti-
fied with an identification number (ID) having the minimum
U'T-to-satellite distance 1s selected only 11 the recerved CINR
from the satellite 1s above a certain threshold. If a beam from
the nearest satellite or all beams from the nearest satellite are
turned ofl, then the next nearest satellite 1s selected for
handofl, provided that the received CINR from the next
nearest satellite 1s above a certain threshold. Otherwise, the
UT maintains communication with the current serving sat-
cllite. In an alternate implementation, a trigger for handover
can be based on when the recetved CINR or the received
carrier power of the current serving satellite 1s below a
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threshold. When the handover trigger occurs, the list of
nearest satellites to the UT 1s computed. A satellite having
the minimum U'T-to-satellite distance 1s selected only 11 the
received CINR from the satellite 1s above a certain thresh-
old.

In another alternative scheme, a UT connection 1s handed
over to a satellite with the longest time of visibility. In this
scheme, when the received CINR or the received carrier
power of the current serving satellite 1s below a threshold,
the visibility window of every satellite that i1s visible to the
UT and having a received carrier power or CINR above a
certain threshold 1s computed. The visibility window of a
satellite at a given 1nstant of time 1s defined as the amount
ol residual time that the satellite remains visible to the UT
until 1) the satellite disappears or 2) the CINR {falls below a
certain threshold.

A satellite ID with the longest visibility window 1is
selected as the serving satellite 11 the received CINR or the
received carrier power from this satellite 1s above a certain
threshold. This new serving satellite 1s also called a target
satellite.

FIG. 8 1s a graph illustrating an example of an inter-
satellite handover scheme that selects a serving satellite
based on the longest time of wvisibility. In the example
illustrated 1in FIG. 8, an initial serving satellite for a UT 1s
Satellite 1 on the satellite index. At time T1, the UT reaches
close to the edge of beam coverage of the current serving
satellite, that 1s, Satellite 1, and detects that the received
CINR or carrier power of Satellite 1 1s falling below a
certain threshold. The UT then computes the wvisibility
windows of all UTs that are visible to the UT at time T1,
including, for example, Satellites 3, 4, and 5 on the satellite
index. The UT determines that Satellite 4 has the longest
visibility window among Satellites 3, 4, and 5. In other
words, Satellite 4 has the longest amount of residual time
among Satellites 3, 4, and 5 at time 11, and 1s thus selected
as the target satellite for handover.

After Satellite 4 has been the serving satellite for the UT
for a period of time, at time 12, the UT reaches close to the
edge of beam coverage of Satellite 4, and detects that the
received CINR or carrier power of Satellite 4 1s falling
below the threshold. At time 12, the UT determines that only
Satellite 6 has a visibility window that extends considerably
beyond time T2, and thus selects Satellite 6 as the target
satellite for handover. Upon handover from Satellite 4 to
Satellite 6, Satellite 6 serves as the new serving satellite for
the UT. In an alternate implementation, a gateway can
compute the time T1, T2, . . ., and the target satellites 1Ds
ID1, ID2, . . ., and provide them via a handover transition
table to the UT.

In one aspect, a method of managing inter-satellite han-
dovers 1s provided based on a tradeofl between competing
demands of lowering the frequency of handovers and main-
taining the required received CINR or carrier power. In one
aspect, a sequence of satellites and beams are selected based
on a tradeofl between the frequency of handovers and a
defined cost function. For any duration of time, the visibility
of each satellite at any instant of time 1n a satellite constel-
lation can be predicted because the constellation and the
movement of each satellite are deterministic, or 1n the case
of a moving UT, information may be available by which the
UT can provide its location so that the wvisibility of each
satellite may be determined for that UT.

In one aspect, a weighted directed acyclic graph (DAG)
may be described by which a sequence of handovers may be
determined for a particular UT. In one aspect, each vertex of
the weighted DAG represents a visible satellite (relative to
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some particular UT), and the arcs represent possible inter-
satellite handovers, where each arch has an associated
weight to mdicate the corresponding cost of a handover.
The weights for a weighted DAG may be described as
follows. Let s, denote the unique ID of the 1th satellite, and
let w,; be the weight (cost) associated with switching from
satellite s, as the serving satellite to satellite s, as the serving
satellite. In order to fulfill the carner-to-interference-and-
noise ratio (CINR) and/or receirved carrier power require-
ment, a weight (cost) can be associated with each arc to
reflect the impact of CINR and/or received carrier power 1
the handover associated with that arc 1s selected. The weight

for handover from satellite s; to satellite s, may be deter-
mined by

w=alyl(s~s;)I+(1-a)tan 2 c(CINR,-CINR,),

where a 1s the weight (not to be confused with the arc
weight) associated with the cost of switching vs. CINR
degradation, and ¢ 1s a scaling factor. The function 1,,1s an
indicator function where 1,1(s,—s ;)| equals zero 1if s=s, and
equals 1 1f s;=s,.

The above expression for the weights 1s simplified in that
time dependence 1s not explicitly indicated. More precisely,
the cost of a handover will vary with time. A more particular
description for the weights 1s as follows. Consider some
sequence ol consecutive time mstances t,, t,, t5, 1., .. ., o,
ty- At some time 1nstance t,, let w,(t,) denote the weight
(cost) 1n switching (i1.e., a handover) from satellite s, to
satellite s,. ‘The w, (t,) may be given by the same displayed
equation above, but where CINR,; and CINR, are determined
at the time instance t,.

The weighted DAG may be described as a family of sets
of vertices {V(t,), k=1, 2, ..., N}, where each set of vertices
V(t,) 1s indexed by the time instance t, and 1s the set of
visible satellites (relative to a particular UT) at the time
instance t,. The arcs in the weighted DAG may be described
as a family of sets of arcs {A(t,), k=2, ..., N}), where A(t,)
1s the set of arcs beginning with the set of vertices V(t,_,)
and ending with the set of vertices V(t,). That 1s, each arc 1n
the set A(t,) may be represented as the ordered pair (s;, s,)
where s, 1s a satellite ID 1n the set V(t,_,) and s, 1s a satellite
ID 1n the set V(t,). The arc (s;, s;) represents a handover from
the satellite s; to satellite s; for some particular UT, and 1ts
correspondmg weight 1s W (t.). the cost associated with a
handover at the time mstance t, from the satellite s, to
satellite s,.

In an aspect, a sequence of handovers may be determined
by finding a shortest path 1n the weighted DAG among all
paths that begin at a satellite 1n the set V(t,) and end at a
satellite 1n the set V(t,,). This shortest path determines a
sequence of handovers.

In another aspect, a sequence of handovers may be
determined by finding a shortest path 1n the weighted DAG
among all paths that begin at some particular satellite s' 1n
the set V(t,) and end at a satellite in the set V(t,,). For
example, at the time instance t,, the satellite s' may be
known to be the serving satellite because of some prior
scheduling, 1n which case the shortest path starting from that
serving satellite determines a sequence of handovers.

FIG. 9 1s an example of a weighted directed acyclic graph
(DAG) corresponding to the visibility of satellites 1n four
consecutive instances of time, t, t,, t5, t,. (In FIG. 9, S1, S2,
etc., refers to satellite IDs.) In this graph the shortest path
(or a shortest path) can be found by using a shortest patl
algorithm, for example, Dljkstra s algorithm, which 1s
known to persons skilled in the art. In one aspect, the
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shortest path algorithm produces the minimum cost path that
corresponds to the minimum number of handovers.

In addition to the methods and apparatuses disclosed
above, a serving satellite for a particular UT may be selected
based on load balancing. For example, an above-described
apparatus may select a new serving satellite based upon a
shortest path 1n the weighted DAG as discussed previously,
but there may be a set of satellites visible to the UT such that
theirr beams overlap. Although a satellite in the set of
satellites with overlapping beams may not be selected when
considering only CINR when determining a shortest path 1n
the DAG., that satellite may nevertheless be a better choice
for a new serving satellite 1f load balancing 1s taken into
account.

Accordingly an aspect may include a method or apparatus
to cause a UT to be served by a new serving satellite based
on load balancing, even if the new serving satellite would
not be the selected satellite based on residual time left 1in the
visibility windows or based on a shortest path 1n a weighted
DAG as described previously. In an aspect, for a UT a
determination 1s made of any coverage overlap region
among a set of satellites, where a new serving satellite 1s
selected from the set of satellites based on load balancing.
The determining the coverage overlap region may be based
on orbital constellation parameters, transmit power levels of
satellite beams, and antenna gain masks.

FIG. 10 1llustrates a method of selecting a serving satellite
based on load balancing. In 1002, for a particular UT (the
selection 1s UT dependent), a determination 1s made for a set
of satellites that have overlapping beams that cover the UT.
In 1004, a new serving satellite 1s selected from this set of
satellites such that a load balance metric 1s satisfied. The
load balance metric may be any one of a number of metrics
well known 1n the art of load balancing for eflicient network
communications

FIG. 11 1s a flowchart 1llustrating an aspect of a method
of managing inter-satellite handover in a satellite commu-
nication system. It will be appreciated that processes 1ndi-
cated in FIG. 11, although illustrated 1n an ordered tlow
diagram, are not necessarily performed 1n the order indicated
in FIG. 11. Moreover, 1t will be appreciated that some of the
processes 1ndicated 1in FIG. 11 may be optional and need not
be performed by a particular apparatus. For example, some
or all of the processes indicated in FIG. 11 may be performed
by one or more components of a gateway, for example, the
gateway controller 250 1n the gateway 200 as illustrated 1n
FIG. 2. In an alternate example, some or all of the processes
may be performed by other parts of the satellite communi-
cation system, for example, by the infrastructure 116 con-
nected to the gateways 200 and 201, as illustrated 1n FIG. 1.
In another alternate example, some or all of the processes
may be performed by one or more components of a UT, for
example, the control processor 420 in the UT 400, as
illustrated i FIG. 4.

Referring to the example illustrated in the tlowchart of
FIG. 11, a process of determining, relative to a UT, a
visibility window for one or more candidate satellites in the
satellite constellation 1s shown 1n block 1102. The visibility
window for each candidate satellite mndicates a time interval
for the candidate satellite to be visible to the UT, and a
parameter associated with each candidate satellite exceeds a
first threshold. A process of providing a handover to cause
the UT to be served by a new serving satellite among the one
or more candidate satellites 1s shown 1n block 1004. The
handover may be provided when a parameter associated
with a serving satellite for the UT 1s below a second
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threshold, with the new serving satellite having a corre-
sponding visibility window with a longest residual time.

In one aspect, the parameter associated with each candi-
date satellite may be a carrier power of the candidate satellite
received by the U'T. The parameter associated with the
serving satellite may also be a carrier power of the serving
satellite recerved by the UT. In addition or as an alternative,
the parameter associated with each candidate satellite may
be a carner-to-interiference-and-noise ratio (CINR) of the
candidate satellite received by the UT. The parameter asso-
ciated with the serving satellite may also be a CINR of the
serving satellite received by the UT. With regard to the
thresholds, the first threshold may or may not be equal to the
second threshold.

In one aspect, a gateway may perform the determining
relative to the UT the visibility window for each candidate
satellite and providing the handover. In another aspect, the
UT may perform the determining relative to the UT the
visibility window for each candidate satellite and providing
the handover. In another aspect, a satellite in the satellite
constellation may perform the determining relative to the
UT the visibility window for each candidate satellite and
providing the handover.

Referring again to the example illustrated in the flowchart
of FIG. 11, the method may further include a process of
providing a handover to cause the UT to be served by a
second new serving satellite 1n block 1106. As an example,
the handover may cause the UT to be served by the second
new serving satellite based on load balancing. Here, a
coverage overlap region for a set of satellites may be
determined for the UT (e.g., based on orbital constellation
parameters, transmit power levels of satellite beams, and/or
antenna gain masks) and the second new serving satellite
may be seclected from the set of satellites. As another
example, the handover may cause the UT to be served by the
second new serving satellite based on a distance between the
UT and a plane of each candidate satellite (e.g., selecting the
plane that 1s closest and applying the visibility window).

FI1G. 12 1s a flowchart illustrating an example of managing
inter-satellite handovers 1n a satellite communication system
based on a weighted DAG as discussed above. It will be
appreciated that processes indicated in FIG. 12, although
illustrated 1n an ordered flow diagram, are not necessarily
performed 1n the order indicated in FIG. 12. Moreover, 1t
will be appreciated that some of the processes indicated in
FIG. 12 may be optional and need not be performed by a
particular apparatus. For example, some or all of the pro-
cesses mdicated in FIG. 12 may be performed by one or
more components of a gateway, for example, the gateway
controller 250 1n the gateway 200 as 1llustrated 1n FIG. 2. In
an alternate example, some or all of the processes may be
performed by other parts of the satellite communication
system, for example, by the infrastructure 126 connected to
the gateways 200 and 201, as 1llustrated 1n FIG. 1. In another
alternate example, some or all of the processes may be
performed by one or more components of a UT, for example,
the control processor 420 in the UT 400, as illustrated in
FIG. 4.

Referring to the example illustrated in the flowchart of
FIG. 12, for a family of sets of vertices {V(t,), k=1, 2, . . .
, N}, and a family of sets of arcs {A(t,), k=2, . .., N}, where
each arc 1n the set A(t,) 1s an ordered pair (s,, s;) where s, 1s
a satellite ID 1n the set V(t,_,) and s, 1s a satellite ID 1n the
set V(t,), a DAG 1s generated, as indicated 1n the block 1202.
As discussed previously, each arc (s;, s;) represents a han-
dover at the time 1nstance t, for the UT from the satellite with
satellite 1D s, to the satellite with satellite ID s,. In the block
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1202, each arc (s,, s;) 1s weighted at each time instance t,
with a corresponding weight w, (t,) representing a cost
associated with the handover at the time instance t, for the
UT from the satellite with satellite ID s, to the satellite with
satellite ID s,

In the block 1206, a shortest path i1s generated in the
weighted DAG starting at a given vertex s' in the set of
vertices V(t,) and ending at a vertex in the set of vertices
V(t,,), and for some examples, a global shortest path 1s found
for all starting vertices s'. In the block 1208, a handoil
strategy 1s generated based upon the shortest path, as
described previously.

In one aspect, a satellite service 1s considered to be 1n an
outage 11 1ts CINR and/or received carrier power 1s below a
certain threshold. In one example, a resource constraint
shortest path (RCSP) algorithm may be used to find a path
with the mimimum total cost corresponding to the minimum
frequency of handovers while the total outage i1s below a
certain threshold. The RCSP algorithm 1s known to persons
skilled 1n the art to find the shortest path 1n a network while
satisiying certain constraints. Alternatively, other types of
algorithms may also be implemented within the scope of the
disclosure.

FIG. 13 1s a flowchart 1llustrating an aspect of a method
of managing inter-satellite handover in a satellite commu-
nication system. It will be appreciated that processes indi-
cated in FIG. 13, although illustrated 1n an ordered tlow
diagram, are not necessarily performed 1n the order indicated
in FIG. 13. Moreover, 1t will be appreciated that some of the
processes indicated 1n FIG. 13 may be optional and need not
be performed by a particular apparatus. For example, some
or all of the processes indicated in FIG. 13 may be per-
formed by one or more components ol a gateway, for
example, the gateway controller 250 1n the gateway 200 as
illustrated 1n FIG. 2. In an alternate example, some or all of
the processes may be performed by other parts of the
satellite communication system, for example, by the inira-
structure 136 connected to the gateways 200 and 201, as
illustrated 1n FIG. 1. In another alternate example, some or
all of the processes may be performed by one or more
components of a UT, for example, the control processor 420
in the UT 400, as 1llustrated 1in FIG. 4.

Referring to the example illustrated in the tlowchart of
FIG. 13, a process of determining a visibility of a first
candidate satellite 1s shown 1n block 1302, and a process of
determining a parameter associated with a received signal
from the first candidate satellite 1s shown 1n block 1304. A
process ol determining a weight based on the visibility of the
first candidate satellite and the parameter associated with the
received signal from the first candidate satellite 1s shown in
block 1306. Furthermore, a process of initiating a hand over
of communication from a current serving satellite to the first
candidate satellite based on the weight 1s shown in block
1308.

In one aspect, the parameter associated with the received
signal comprises received carrier power from the first can-
didate satellite. In another aspect, the parameter associated
with the received signal comprises carrier-to-interference-
and-noise ratio (CINR) of the received signal from the first
candidate satellite. In one aspect, the process of determining
the visibility of the first candidate satellite comprises deter-
mining a visibility window of the first candidate satellite.

In one aspect, the process of determining the visibility
window of the first candidate satellite comprises determin-
ing an amount ol residual time that the first candidate
satellite remains visible until the first candidate satellite
disappears or until the parameter associated with the




US 10,244,453 B2

23

received signal from the first candidate satellite does not
satisiy a threshold. For example, the visibility window may
be computed by determining the amount of residual time
that the first candidate satellite remains visible to a UT until
the carrier power recerved by the UT from the first candidate
satellite falls below a threshold. In another example, the
visibility window may be computed by determining the
amount of residual time that the first candidate satellite
remains visible to the UT until the CINR of the carrier signal
received by the UT from the first candidate satellite falls
below a threshold.

In one aspect, the visibility of a second candidate satellite
and a parameter associated with a recerved signal from the
second candidate satellite are determined. For example, the
parameter associated with the received signal from the
second candidate satellite may be received carrier power, or
alternatively, the CINR of the carrier signal receirved by the
UT from the second candidate satellite. In one aspect, a
weight based on the wvisibility of the second candidate
satellite and the parameter associated with the received
signal from the second candidate satellite 1s determined. In
one aspect, the visibility window of the second candidate
satellite 1s computed by determining an amount of residual
time that the second candidate satellite remains visible until
the second candidate satellite disappears or until the param-
eter associated with the received signal from the second
candidate satellite does not satisty the threshold.

In one aspect, a determination 1s made as to whether the
computed weight of the first or the second candidate satellite
1s greater, and the candidate satellite that has the greater
weight 15 selected as the new serving satellite. In another
aspect, a determination 1s made as to whether the visibility
window of the first or the second candidate satellite 1s
longer, and the candidate satellite that has the longer vis-
ibility window 1s selected as the new serving satellite.

In one implementation, some or all of the processes of
managing inter-satellite handover described above may be
performed by a gateway or infrastructure, which, after
determining which one of the candidate satellites should
become a new serving satellite as a target of handover, sends
one or more commands to the UT, which actually performs
the handover. In another implementation, some or all of the
processes ol managing inter-satellite handover described
above may be performed by the UT that actually performs
the handover.

FIG. 14 illustrates an example of an apparatus 1400 for
managing inter-satellite handover, represented as a series of
interrelated functional modules. A module 1402 for deter-
mimng a visibility may correspond, at least in some aspects
to, for example, a gateway or a component thereol as
discussed herein (e.g., the gateway controller 250 or the
like), or alternatively, a UT or a component thereof as
discuss herein (e.g., the control processor 420 or the like). A
module 1404 for providing a handover may correspond, at
least 1n some aspects to, for example, a gateway or a
component thereol as discussed herein (e.g., the gateway
controller 250 or the like), or alternatively, a UT or a
component thereol as discuss herein (e.g., the control pro-
cessor 420 or the like). A module 1406 for providing a
handover may correspond, at least 1n some aspects to, for
example, a gateway or a component thereol as discussed
heremn (e.g., the gateway controller 250 or the like), or
alternatively, a UT or a component thereof as discuss herein
(e.g., the control processor 420 or the like).

FIG. 15 illustrates an example of an apparatus 1500 for
managing inter-satellite handover, represented as a series of
interrelated functional modules. A module 1502 for gener-
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ating a DAG may correspond, at least 1n some aspects to, for
example, a gateway or a component thereol as discussed
heremn (e.g., the gateway controller 250 or the like), or
alternatively, a UT or a component thereof as discuss herein
(e.g., the control processor 420 or the like). A module 1504
for weighting may correspond, at least 1n some aspects to,
for example, a gateway or a component thereof as discussed
herein (e.g., the gateway controller 250 or the like), or
alternatively, a UT or a component thereof as discuss herein
(e.g., the control processor 420 or the like). A module 1506
for generating may correspond, at least 1n some aspects to,
for example, a gateway or a component thereof as discussed
heremn (e.g., the gateway controller 250 or the like), or
alternatively, a UT or a component thereof as discuss herein
(e.g., the control processor 420 or the like). A module 1508
for performing handofl may correspond, at least in some
aspects to, for example, a gateway or a component thereof
as discussed herein (e.g., the gateway controller 250 or the
like), or alternatively, a UT or a component thereol as
discuss herein (e.g., the control processor 420 or the like).

FIG. 16 1llustrates an example of an apparatus 1600 for
managing inter-satellite handover, represented as a series of
interrelated functional modules. A module 1602 for deter-
mining a visibility of a first candidate satellite may corre-
spond, at least 1n some aspects to, for example, a gateway or
a component thereof as discussed herein (e.g., the gateway
controller 250 or the like), or alternatively, a UT or a
component thereol as discuss herein (e.g., the control pro-
cessor 420 or the like). A module 1604 for determining a
parameter associated with a received signal from the first
candidate satellite may correspond, at least in some aspects
to, for example, a gateway or a component therecol as
discussed herein (e.g., the gateway controller 250 or the
like), or alternatively, a UT or a component thercol as
discuss herein (e.g., the control processor 420 or the like). A
module 1606 for determining a weight based on the visibil-
ity of the first candidate satellite and the parameter associ-
ated with the received signal from the first candidate satellite
may correspond, at least in some aspects to, for example, a
gateway or a component thereof as discussed herein (e.g.,
the gateway controller 250 or the like), or alternatively, a UT
or a component thereof as discuss herein (e.g., the control
processor 420 or the like). A module 1608 for initiating a
hand over of communication from a current serving satellite
to the first candidate satellite based on the weight may
correspond, at least in some aspects to, for example, a
gateway or a component thereol as discussed herein (e.g.,
the gateway controller 250 or the like), or alternatively, a UT
or a component thereol as discuss herein (e.g., the control
processor 420 or the like).

The functionality of the modules of FIGS. 14-16 may be
implemented in various ways consistent with the teachings
herein. In some designs, the functionality of these modules
may be implemented as one or more electrical components.
In some designs, the functionality of these modules may be
implemented as a processing system including one or more
processor components. In some designs, the functionality of
these modules may be implemented using, for example, at
least a portion of one or more mntegrated circuits (e.g., an
ASIC). As discussed herein, an integrated circuit may
include a processor, software, other related components, or
some combination thereof. Thus, the functionality of differ-
ent modules may be implemented, for example, as different
subsets ol an integrated circuit, as diflerent subsets of a set
of software modules, or a combination thereof. Also, 1t will
be appreciated that a given subset (e.g., of an integrated
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circuit and/or of a set of software modules) may provide at
least a portion of the functionality for more than one module.

In addition, the components and functions represented by
FIGS. 14-16, as well as other components and functions
described herein, may be implemented using any suitable
means. Such means also may be implemented, at least in
part, using corresponding structure as taught herein. For
example, the components described above 1n conjunction
with the “module for” components of FIGS. 14-16 also may
correspond to similarly designated “means for” functional-
ity. Thus, 1n some aspects one or more of such means may
be 1mplemented using one or more of processor compo-
nents, integrated circuits, or other suitable structure as taught
herein.

Those of skill in the art will appreciate that information
and signals may be represented using any of a variety of
different technologies and techmiques. For example, data,
instructions, commands, information, signals, bits, symbols,
and chips that may be referenced throughout the above
description may be represented by voltages, currents, elec-
tromagnetic waves, magnetic fields or particles, optical
fields or particles, or any combination thereof.

Further, those of skill in the art will appreciate that the
various 1llustrative logical blocks, modules, circuits, and
algorithm steps disclosed herein may be implemented as
electronic hardware, computer software, or combinations of
both. To clearly illustrate this interchangeability of hardware
and software, various 1llustrative components, blocks, mod-
ules, circuits, and steps have been described above generally
in terms of their functionality. Whether such functionality 1s
implemented as hardware or software depends upon the
particular application and design constraints imposed on the
overall system. Skilled artisans may implement the
described functionality in varying ways for each particular
application, but such implementation decisions should not
be interpreted as causing a departure from the scope of the
present disclosure.

The methods, sequences and/or algorithms disclosed
herein may be embodied directly in hardware, 1n a software
module executed by a processor, or 1n a combination of the
two. A soltware module may reside in RAM memory, tlash
memory, ROM memory, EPROM memory, EEPROM
memory, registers, hard disk, a removable disk, a CD-ROM,
or any other form of storage medium known 1n the art. An
exemplary storage medium 1s coupled to a processor such
that the processor can read information from, and write
information to, the storage medium. In the alternative, the
storage medium may be integral to the processor.

Accordingly, aspects of the claimed subject matter may
include a non-transitory computer-readable media embody-
ing a method for spectral eflicient data transmission 1n
satellite systems. Accordingly, the claimed subject matter 1s
not limited to 1llustrated examples.

While the foregoing disclosure shows illustrative aspects
of the claimed subject matter, 1t should be noted that various
changes and modifications could be made herein without
departing from the scope of the disclosure as defined by the
appended claims. The functions, steps and/or actions of the
method claims 1n accordance with the description herein
need not be performed 1n any particular order. Furthermore,
although aspects of the claimed subject matter may be
described or claimed in the singular, the plural 1s contem-
plated unless limitation to the singular 1s explicitly stated.

What 1s claimed 1s:
1. A method to manage inter-satellite handovers 1n a
satellite constellation, the method comprising:
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determiming, relative to a user terminal, a visibility win-
dow for two or more candidate satellites 1n the satellite
constellation, wherein the visibility window for each
candidate satellite indicates a time interval for the
candidate satellite to be visible to the user terminal, and
wherein a parameter associated with each candidate
satellite exceeds a first threshold; and

providing, when a parameter associated with a serving

satellite for the user terminal 1s below a second thresh-
old, a handover to cause the user terminal to be served
by a new serving satellite among the two or more
candidate satellites, the new serving satellite having a
corresponding visibility window with a longest residual
time among the two or more candidate satellites.

2. The method of claim 1, wherein the parameter associ-
ated with each candidate satellite 1s a carrier power of the
candidate satellite received by the user terminal.

3. The method of claim 2, wherein the parameter associ-
ated with the serving satellite 1s a carnier power of the
serving satellite recerved by the user terminal.

4. The method of claim 1, wherein the parameter associ-
ated with each candidate satellite 1s a carrier-to-interference-
and-noise ratio (CINR) of the candidate satellite received by
the user terminal.

5. The method of claim 4, wherein the parameter associ-
ated with the serving satellite 1s a CINR of the serving
satellite received by the user terminal.

6. The method of claim 1, wherein a gateway performs the
determining relative to the user terminal the visibility win-
dow for each candidate satellite and providing the handover.

7. The method of claim 1, wherein the user terminal
performs the determining relative to the user terminal the
visibility window for each candidate satellite and providing
the handover.

8. The method of claim 1, wherein a satellite in the
satellite constellation performs the determining relative to
the user terminal the visibility window for each candidate
satellite and providing the handover.

9. The method of claim 1, further comprising:

providing a handover to cause the user terminal to be

served by a second new serving satellite based on load
balancing.

10. The method of claim 9, further comprising;:

determiming for the user terminal a coverage overlap

region for a set of satellites;

selecting the second new serving satellite from the set of

satellites.

11. The method of claim 10, wherein the determining the
coverage overlap region 1s based on at least one of orbital
constellation parameters, transmit power levels of satellite
beams, antenna gain masks, or a combination thereof.

12. The method of claim 1, further comprising:

providing a handover to cause the user terminal to be

served by a second new serving satellite based on a
distance between the user terminal and a plane of each
candidate satellite.

13. An apparatus to manage inter-satellite handovers 1n a
satellite constellation, the apparatus comprising

at least one processor; and

at least one memory coupled to the at least one processor,

the at least one processor and the at least one memory
being configured to:

determine, relative to a user terminal, a visibility window

for two or more candidate satellites in the satellite
constellation, wherein the visibility window for each
candidate satellite indicates a time interval for the
candidate satellite to be visible to the user terminal, and
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wherein a parameter associated with each candidate
satellite exceeds a first threshold; and

provide, when a parameter associated with a serving

satellite for the user terminal 1s below a second thresh-
old, a handover to cause the user terminal to be served
by a new serving satellite among the two or more
candidate satellites, the new serving satellite having a
corresponding visibility window with a longest residual
time among the two or more candidate satellites.

14. The apparatus of claim 13, wherein the parameter
associated with each candidate satellite and serving satellite
1S a carrier power or carrier-to-interference-and-noise ratio
(CINR) received by the user terminal.

15. The apparatus of claim 13, wherein the apparatus
comprises a gateway, a user terminal, or a satellite 1n
constellation to determine the wvisibility window for each
candidate satellite and provide the handover.

16. The apparatus of claim 13, wherein the at least one
processor and the at least one memory are further configured
to:

provide a handover to cause the user terminal to be served

by a second new serving satellite based on load bal-
ancing.

17. The apparatus of claim 16, wherein the at least one
processor and the at least one memory are further configured
to:

determine for the user terminal a coverage overlap region

for a set of satellites; and

select the second new serving satellite from the set of

satellites.

18. The apparatus of claim 17, wherein the determining
the coverage overlap region 1s based on at least one of orbital
constellation parameters, transmit power levels of satellite
beams, antenna gain masks, or a combination thereof.

19. An apparatus to manage 1nter-satellite handovers 1n a
satellite constellation, the apparatus comprising:
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means for determining, relative to a user terminal, a
visibility window for two or more candidate satellites
in the satellite constellation, wherein the wvisibility
window for each candidate satellite indicates a time
interval for the candidate satellite to be visible to the
user terminal, and wherein a parameter associated with
each candidate satellite exceeds a first threshold; and

means for providing, when a parameter associated with a
serving satellite for the user terminal 1s below a second
threshold, a handover to cause the user terminal to be
served by a new serving satellite among the two or
more candidate satellites, the new serving satellite
having a corresponding visibility window with a lon-
gest residual time among the two or more candidate
satellites.

20. A non-transitory computer-readable medium having
instructions stored thereon that cause at least one processor
to perform a method comprising:

managing inter-satellite handovers 1n a satellite constel-
lation;

determining, relative to a user terminal, a visibility win-
dow for two or more candidate satellites 1n the satellite
constellation, wherein the visibility window for each
candidate satellite indicates a time interval for the
candidate satellite to be visible to the user terminal, and
wherein a parameter associated with each candidate
satellite exceeds a first threshold; and

providing, when a parameter associated with a serving
satellite for the user terminal 1s below a second thresh-
old, a handover to cause the user terminal to be served
by a new serving satellite among the two or more
candidate satellites, the new serving satellite having a
corresponding visibility window with a longest residual
time among the two or more candidate satellites.
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